Photoresponsive microvalve for remote actuation and flow control in microfluidic devices
Microvalves with different actuation methods offer great integrability and flexibility in operation of lab-on-chip devices. In this work, we demonstrate a hydrogel-based and optically controlled modular microvalve that can be easily integrated within a microfluidic device and actuated by an off-chip laser source. The microvalve is based on in-channel trapping of microgel particles, which are composed of poly(N-isopropylacrylamide) and polypyrrole nanoparticles. Upon irradiation by a near-infrared (NIR) laser, the microgel undergoes volumetric change and enables precisely localized fluid on/off switching. The response rate and the "open" duration of the microvalve can be simply controlled by adjusting the laser power and exposure time. We showed that the trapped microgel can be triggered to shrink sufficiently to open a channel within as low as $1-2 s; while the microgel swells to re-seal the channel within $6-8 s. This is so far one of the fastest optically controlled and hydrogel-based microvalves, thus permitting speedy fluidic switching applications. In this study, we successfully employed this technique to control fluidic interface between laminar flow streams within a Y-junction device. The optically triggered microvalve permits flexible and remote fluidic handling, and enables pulsatile in situ chemical treatment to cell culture in an automatic and programmed manner, which is exemplified by studies of chemotherapeutic drug induced cell apoptosis under different drug treatment strategies. We find that cisplatin induced apoptosis is significantly higher in cancer cells treated with a pulsed dose, as compared to continuous flow with a sustained dose. It is expected that our NIR-controlled valving strategy will provide a simple, versatile, and powerful alternative for liquid handling in microfluidic devices. V C 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4923257]
I. INTRODUCTION
Microfluidics enables transportation and control of fluid samples on miniaturized, or labon-chip, platforms that are employed for diverse applications in chemical and biological assays. In these systems, micromixers and micropumps are essential components for fluidic handling, and microvalves are the crucial control element for automation and large scale integration. 1 A variety of microvalves based on different actuation strategy, including magnetic, electric, pneumatic, piezoelectric, and thermal, have been reported for on-chip fluidic control. [2] [3] [4] [5] [6] [7] [8] [9] While pneumatic microvalves allow multiplexed valving and can reach a density of 100/cm 2 , the need for external controllers, solenoid valves, and the power requirements limits its utility to bench top operations, unless the portable version requires lower number of valves. 4, 10, 11 Most of the other a) Author to whom correspondence should be addressed. Electronic mail: pengshi@cityu.edu.hk
1932-1058/2015/9(3)/034114/12/$30.00 V C 2015 AIP Publishing LLC 9, 034114-1 types of microvalves demand time-consuming fabrication, require on-chip power, and complicated automation, making them difficult to be integrated with other platforms and limiting the portability as well as the operational flexibility. Several phase-change-based microvalves based on thermal, magnetic, or optical actuation have also been reported. Paraffin that has a solid to liquid volume expansion of 10%-30% can work as thermally actuated valves. [12] [13] [14] [15] Sol-gel 16 valves based on pluronics or methyl cellulose have been demonstrated with switching time of $1 s. Magnetic nanoparticles can form plugs in microchannels and are actuated by magnetic field. 17 Ionogel that incorporates ionic liquids with polymer gels also show good promise but has a very slow closing time. 18, 19 Moreover, a variety of hydrogel based responsive microvalves have been fabricated by in situ photopolymerization. Many of these valving strategies depend on the composition of the hydrogels, which are incorporated with different additives, forming composites that can be tailored to enable reversible volumetric change in response to a variety of stimuli such as pH, electric, or magnetic field. 20 Recently, integrated monolithic microvalves using photoresponsive hydrogels have gained great attention, because the actuation can simply be controlled by light irradiation from a remote source, thus eliminating any physical contact and offering significant improvement in versatility during microfluidic operation. Especially, photothermally responsive hydrogels for microvalving have been reported by several research groups, all of these studies use poly(N-isopropylacrylamide) (pNIPAM) as the polymeric material of choice. pNIPAM is a biomaterial with a lower critical solution temperature (LCST) about 37 C. Below the LCST, pNIPAM hydrogel is hydrophilic, absorbs a high amount of water and exists in a transparent swollen state. When above the LCST, pNIPAM undergoes volumetric shrinkage and exists in a collapsed state. 21 This unique property has been exploited for applications in drug-delivery systems, 22 biomaterials, 23 and recently within microsystems technology as soft actuators and valves for controlling flow. 24 However, most of the studies focusing on photothermally responsive microvalves use polymeric plugs that are covalently attached to the wall of fluid channels through surface primer reagent, and acts as monolithic microvalve. A modular microvalve that can be introduced and replaced on demand as per experimental requirement has not been conceived and demonstrated yet. Furthermore, the ability to maximize volumetric change of the hydrogel with short irradiation time and lower power is vital for practical operation of an ideal microvalve.
Several materials such as iron oxide, [25] [26] [27] gold, 28, 29 carbon nanotubes, 30, 31 and graphene oxide 32 have been explored as photothermal transducing elements incorporated within the hydrogel matrix forming a nanocomposite. Organic nanomaterials such as spirobenzopyran 33 have been used as photothermal transducers within the pNIPAM matrix to enable relatively fast shrinkage but slow cooling and expansion, thus delayed closure of the microvalve. Gold nanorods (GNRs) pNIPAM gel capsule shell has been tested for their shrinkage swelling behavior, which showed anisotropic and slow swelling. 34 Also the low photostability of GNR and melting behavior upon multiple NIR-light exposure makes them unsuitable for faster operations. 35, 36 Similarly, several studies that utilized graphene oxide as the transducing material have used NIR irradiation of several Watts over 1-2 min period to achieve valve opening. 32, 37, 38 Even though, Lee et al. recently developed a fast responding hydrogel incorporated with iron oxide nanoparticles that allowed rapid opening of the valve in as little as 9 s after exposure to blue light, the valve closing (volumetric relaxation) still took about 6-7 min. 27 It is important to note that such fast actuation was achieved after chemical manipulation of the matrix, not simply due to the presence of iron oxide nanoparticles. Although, all the above mentioned photoresponsive hydrogel nanocomposites show controlled and reproducible volume change, the long operation time and modest volume change limit their application as actuators or microvalves. Notably, none of these photoresponsive microvalves have demonstrated practical application of the flow control capability towards biological or chemical assays.
Polypyrrole (PPy), an organic conductive polymer is known for its high conductivity and outstanding stability. [39] [40] [41] PPy has good absorbance in the NIR range of wavelengths (800-1500 nm), it absorbs NIR radiation and converts the energy of the radiation into heat making them ideal photothermal agent for hydrogel microvalve actuation. PPy nanomaterials have excellent biocompatibility and have been used in applications such as biosensors, 42 drug delivery, 43 neural tissue regeneration, [44] [45] [46] cancer phototherapy, 47, 48 and optical coherence tomography (OCT) imaging. Especially, the thermal transduction capability and excellent chemical stability make PPy an ideal candidate for actuation applications, including valving in microfluidic devices.
In this paper, we report a modular microvalve that consists of pNIPAM matrix and PPy nanoparticles that act as embedded photothermal nanotransducers. Microgels with uniform diameters were prepared using droplet microfluidics as previously reported 49 and were characterized for their volumetric change upon irradiation with NIR 980 nm laser. Selected microgel was trapped within a microfluidic channel to act as a microvalve, and the valving performance was evaluated at different laser power and flow rates. Our results demonstrated one of the fastest optically actuated and hydrogel-based microvalves yet reported, with prompt opening response as little as $1-2 s, and closing response of around $6-8 s. To demonstrate the utility towards biological applications at physiologically relevant condition (pH ¼ 7.4), we specifically applied our new technology to deliver pulsatile doses of chemotherapeutic drug to adenocarcinoma cells to study the calcium homeostasis and induced apoptosis. Further, in combination with the microLED technology that allows achieving placement of over 20 pixels/mm 2 and optical output power densities per pixel of 5 W/cm 2 -20 W/cm 2 , we think our photosensitive microvalve platform can be easily scaled for complicated multiplexed flow control schemes. 50, 51 The fast response rate, ease-of-use and remote control capability of the system makes our modular microvalve attractive for applications in microfluidic circuits and cheap, portable point-of-care devices.
II. MATERIALS AND METHODS

A. Nanocomposite microgel fabrication
The microgels were fabricated using the procedure described previously. 49 Briefly, a Y-junction droplet microfluidic device was used for the microgel production. The aqueous solution was composed of a mixture containing monomer N-isopropylacrylamide (NIPAM), crosslinker N,N 0 -methylenebisacrylamide (BIS), and initiator ammonium persulfate (APS) (SigmaAldrich, Singapore) with a w/v ratio of 9.4%, 0.65% (or 0.85%), and 0.64%, respectively. This mixture was pumped through a channel of the Y-junction device at a flow rate 12 ll/min using a syringe pump. An aqueous solution of the PPy nanoparticles (250 lg/ml) was pumped through the other channel of the Y-junction at a rate of 2 ll/min. Prior to this, dynamic light scattering (DLS) was used to characterize the nanoparticles. The DLS results implied that the PPy nanoparticles had an average diameter of 85 nm and a polydispersity index (PDI) of 0.054, which indicates the proper dispersion of PPy nanoparticles in aqueous solution. The continuous phase consisted of fluorocarbon oil (HFE 7500, 3 M Novec Engineered Fluids) containing 2% (w/w) perfluorinated polyethers-polyethyleneglycol block copolymer (PFPE-PEG) surfactant and 7% (v/v) Tetramethylethylenediamine (TEMED) as the accelerator. TEMED is soluble in both the aqueous as well as oil phase, it diffuses from the oil phase into the aqueous droplets to initiate a redox reaction that polymerizes the NIPAM. Upon polymerization NIPAM solidifies, the composite microgels were separated from the oil phase by centrifugation at 4000 g for 5 min. After phase separation, the high density HFE7500 oil (1614 kg/m 3 ) and the microgels form the top layer in the centrifuge tube. The collected composite microgels were then washed with IPA and then several times with DI water to completely remove the residual IPA.
B. Scanning electron microscopy
Scanning electron microscopy images were obtained using an electron microscope (SEM XL30 FEG Philips). Briefly, the sample preparation involved critical point drying (EM CPD300, Leica, Germany) of the microgels, which can retain the nano/micro structure of samples during the dehydration process by avoiding surface tension effects. After sputter coating with a thin film of gold, SEM images were captured and analyzed to determine the exact size of the synthesized microgels and their the pore sizes.
C. Microfluidic device fabrication
The microfluidic chip was made by assembling a PDMS molded device onto a glass cover slip. The PDMS was replica molded from a silicon mold with microscale patterns, which consisted of two SU-8 (Microchem) layers on a silicon wafer. The first layer contained negative features for the trapping area (60-70 lm height). The second layer of SU-8 contained features for the microchannel (30 lm). The two layers of photoresist were patterned sequentially using standard photo-lithography (Karl Suss, MA6). To create the device, the pre-polymer was then poured onto the silane-treated (trichloro-perfluorooctyl silane, Sigma) wafer with the SU-8 patterns, and degassed. The assembly was placed in a temperature-controlled oven and allowed to cure for at least 12 h at 80 C, on curing the device was gently peeled off from the master mold. The clean microfluidic device and sterile glass coverslips were plasma treated for 5 min prior to the assembly of the device. The adhesion between PDMS and the coverslip surface was strong enough to prevent solution leaking during operation.
D. Microvalve assembly
Uniform sized microgels were washed several times with distilled water followed by loading a few into the inlet chamber using a standard 10 ll pipette. This was followed by fluid pumping to push the microgel into the trapping area. The gel is squeezed as it passes through the flow channels and expands on reaching the trapping area, occupying the space, and sealing the channel (see supplementary Video S1 in Ref. 63 ). To avoid trapping of the remaining micorogels into the channel, a reverse fluid flush was performed from the side of the inlet chamber removing all the extra material.
E. Laser stimulation and image acquisition
The laser diode driver was used to stimulate the microvalve. The laser power was measured using Photodiode Power Sensor (S146C, Thorlabs). All images were obtained using an inverted microscope (IX81, Olympus) equipped with a sCMOS camera (Andor, Neo).
F. Characterization of the photothermally responsive microgel
The microgel particles were placed in a culture dish with glass bottom in water (with 1% tween-20), pH 7.4. The laser was aligned with the objective to enable stimulation of the microgel particle with simultaneous microscopic visualization. Different laser power settings 0.5 W, 1 W, 1.5 W, 2 W, and 2.5 W (equivalent to power densities of 100 mW/cm 2 , 200 mW/cm 2 , 300 mW/cm 2 , 400 mW/cm 2 , and 500 mW/cm 2 at exposure plane, respectively) and exposure timings (10 s, 30 s, 45 s, and 60 s) were tested. For evaluating the change in size upon stimulation, time series of microscopic images were recorded at a frame rate of 20 Hz and analyzed later. At least 4-5 trials were performed to confirm the reproducibility.
G. Functional evaluation of the microvalve in a Y-shape device
The Y-shape microfluidic device fabricated by casting in PDMS was used for characterizing the microvalve capability. Briefly a single microgel was held within the trapping area followed by pumping of color dye through the free flow channel and water in the microvalve controlled channel. Laser stimulation was applied (optic fiber with a collimating lens placed close to the valve area) to actuate the microvalve accompanied by simultaneous imaging of the flow streams in the main channel using an inverted microscope (IX81, Olympus).
H. Cell culture and drug treatment A549 cells cultured in 4 well plates and well as in the microfluidic chip. The central channel of the microfluidic chamber was seeded at a density of 8-10 Â 10 6 cells/ml. After initial adhesion of the cells (2 h after seeding), the medium was replaced by DMEM medium supplemented with L-glutamine and penicillin/streptomycin. Half of the medium was replaced with fresh medium every 8-10 h. The cells were allowed to culture for 3-4 days prior to the cytotoxicity assay. For control experiments, we exposed the cell with different concentration of Cisplatin (0, 24, 50 lM) for a period of 2 h, followed by live-dead cell staining after 6-24 h. For pulsed treatment, a continuous perfusion of PBS was maintained in the central channel where the cells are. The microvalve was stimulated and kept open for 120 s followed by a 180 s OFF period, thus allowing pulsatile treatment in one half of cells for 90-120 min. The cells were washed with PBS after the treatment and placed within growth media for at least 6-24 h before further analysis.
I. Live/dead imaging for cell viability
Cell viability kit was purchased from Life technologies. The cells were incubated for 30 min in the working solution containing 2 lM Calcein-AM and 4 lM EthD-1, followed by washing and fluorescence imaging in a temperature controlled chamber.
III. RESULTS AND DISCUSSION
In order to exploit the photoresponsive capability of our nanocomposite microgel and the modularity it offers as a microvalve, we implemented a simple microfluidic switching scheme. The operation principle is illustrated in Fig. 1 
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Jadhav et al. Biomicrofluidics 9, 034114 (2015) relaxed to its original size once the laser was switched off and resealed the channel. The whole control operation was performed remotely with minimal interference, and the photoresponsive hydrogel based microvalve has a fast response rate and can be actuated in a repeatable manner.
A. Characterization of the photoresponsive microgel
The structure material of the nanocomposite is pNIPAM, a thermally responsive polymer with a lower critical solution temperature (LCST) about 37 C. When heated above its LCST, pNIPAM undergoes volumetric shrinkage as it undergoes coil-to-globule transition and changes from a hydrophilic to a hydrophobic state, expelling water molecules. 21, 52 This transition is reversible and swelling occurs once the temperature is decreased below LCST. PPy nanoparticles incorporated into the structural hydrogel work as photothermal nanotransducers (see supplementary Fig. S1 in Ref. 63 ). The PPy nanoparticles were synthesized as described previously, 49 using a microemulsion method in the aqueous phase with FeCl 3 as the oxidizing agent and poly(vinyl alcohol) (PVA) as the stabilizer. PPy nanoparticles have very good stability even under varying pH conditions, and they are stable for several weeks in an acidic or weakly basic solution. 53 Upon NIR irradiation, the embedded PPy nanoparticles cause temperature rise inside the microgel matrix and shrinkage of the microgel above LCST. 54, 55 The photoresponsive efficiency of the microgel depends on three parameters: PPy nanoparticle concentration, crosslinking degree of pNIPAM, and the laser irradiation power, which can be, respectively, optimized. Higher concentration of PPy nanoparticles leads to higher temperature rise upon irradiation and thus faster response, similarly increasing the power can also lead to faster actuation for a certain concentration of PPy nanoparticles within the nanocomposite. The microgel used for this work was approximately 100 lm in diameter, as shown in Fig. 2(a) . The photoresponsive properties of the microgel that influence the valve opening-closing response rate can be tuned by simply changing the PPy concentration within the hydrogel nanocomposite, or the crosslinking degree of pNIPAM. As a proof of principle to demonstrate the feasibility of microgel based actuation, we decided to employ particles with a cross-linking degree of 8.5. A 980 nm NIR laser was used to activate the embedded PPy nanoparticles and to elevate the temperature within the nanocomposite, which in turn induced volumetric change of the microgel. The microgels exhibit fast volumetric shrinkage, within first 2-3 s of irradiation above power exceeding 1 W (power density of 200 mW/cm 2 at exposure plane). As shown in Fig. 2(b) , the microgel shows fast response and recovery as soon as the laser is switched off. At irradiation power of 1.5 W (300 mW/cm 2 ), the microgels exhibited significant decrease in size: 10 s of irradiation could reduce the diameter by more than 40%, which is equivalent to over 80% reduction in volume. At higher laser power (2.5 W, equivalent power density of 500 mW/cm 2 ), the overall volumetric change was even faster, 1-2 s irradiation was enough to collapse the microgel (Figs. 2(c) and 2(d) ). In order to achieve faster response time suitable for quick flow switching, we chose optimum laser intensity in the range of 1.5-2.5 W (300-500 mW/cm 2 ), this enabled extended period of actuation without damaging the microvalve. The irradiation power is not dramatically higher compared to previously reported photo-responsive actuators. For example, Zhu et al utilized 808 nm laser of 2 W for stimulator the pNIPAM-graphene oxide nanocomposite based microvalve; 32 Lee et al. employed a power of 380 mW/cm 2 to achieve flow switching within $5 s. 27 In addition to power control, there are two factors can also contribute to the fast response of our pNIPAMPPy microvalves: 1) the good absorption of NIR energy by PPy nanoparticles; 2) the midscale size the composite microgels and uniform distribution of nanoparticles within the microgel, which resulted from the droplet-based microemulsion method (see supplementary Fig. S2 in Ref. 63) .
B. Remote control of fluid flow using the photoresponsive microvalve
A simple Y-junction microfluidic device was used to evaluate the valving capability of the modular microgel. As shown in Fig. 3(a) , a single microgel was confined within the trapping 
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Jadhav et al. Biomicrofluidics 9, 034114 (2015) area in one of the two inlets of the Y-channel device, and the fluid behavior within the main channel was monitored through microscopic imaging. To test the capability of the microvalve to seal flow in either direction of the channel, we pumped red dye through the open inlet and plain water in microgel-loaded inlet channel at various flow rates ranging from 1 ml/h to 15 ml/ h. The microvalve was able to completely block the flow from the channel. Higher flow rate (>10 ml/h) would dramatically deform the microgel against the holding post, but the microgel still remained intact and could still be repeatedly used for valving with optical actuation. Fig.  3(b) shows a microvalve in action, the dye in the lower channel was flushed on opening of the valve. At the irradiation power of 2.5 W (equivalent power density of 500 W/cm 2 at exposure plane), a few seconds NIR exposure was sufficient to open the water channel and to flush out the dye that originally occupied the channel (Figs. 3(b) and 3(c) ). The flow discharge from the microgel-loaded inlet channel was very fast, and it took as little as $1-2 s for the water to enter the main channel to establish a stable interface with two parallel laminar streams within the main channel (Fig. 4 , also see supplementary Video S2 in Ref. 63) . The other unique capability of this microgel is their ability to quickly reseal and completely stop the flow; we found that this could be achieved in about 6-8 s after the laser was turned off. When the microvalve was optically controlled to maintain "OPEN" status, the laminar flow in the main channel showed similar behavior as the flow in another device with both inlet channels unrestricted (Fig. 4(a) ). Despite the fact that hydrogels such as pNIPAM absorb water and this can be an issue for valving applications there have several examples showing the application of such composite gels as microvalves, 27, 38, 51 the ability to control the pore size and degree of crosslinking can help reduce the potential diffusion from the closed stream.
Apart from the capability to quickly discharge the flow, it is also important that the microvalve can promptly switch OFF the flow by re-sealing the channel. Even though we did not apply any approaches to control the swelling rate of the microgel after NIR-stimulated shrinking, we specifically used shorter period of laser irradiation that allowed just enough shrinkage of the microvalve to permit flow. Such small volumetric change, along with the microscale size of the gel particles, helped to achieve fast recovery and subsequent sealing of fluid channels, enhancing the operation speed of the microvalve.
C. Pulsed drug treatment using the photoresponsive microvalve
Since the focus of this work was to develop photothermally sensitive pNIPAM based fluid switching element for biological assays, the operational environments were mostly physiologically relevant conditions (e.g., pH and temperature). To demonstrate the practical application of our platform towards fluid switching, we then employed the photoresponsive microvalve to perform drug treatment on cancer cells cultured within a Y-shape device. Microfluidic devices enable studying the cellular responses to chemical or biomolecular stimulation in a controlled manner. The parallel flows that are developed in the main cell culture channel within the Y-shape device enable observing the dynamic effect by fluidically patterning the chosen area of the culture, which is not possible using traditional plate based cell culture. Therefore, the micro-environmental effects on adjacent cells (with similar growth conditions) can be readily studied. The presence of microvalve not only allowed precise sealing and isolation of the drug channel but also demonstrated the capability to control it using off-chip stimulation. Such autonomous microvalving strategy would be important for scaling up operations using lab-on-chip devices, which might otherwise require programmable instrumentation and multiple syringe pumps. In this study, different dosing strategies, including programed pulsatile treatment and continuous perfusion, were tested to investigate cisplatin-induced apoptosis in A549 cells. Cisplatin is a chemotherapeutic agent that is generally recognized as a DNA-damaging drug but it can also induce apoptosis through endoplasmic reticulum (ER), a non-nuclear target. 56 As shown in Figs. 5(a) and 5(b), 2 h Cisplatin treatment induced significant cell death in area covered by drug-containing stream in the laminar flow system. Interestingly, we found that pulsatile treatment of Cisplatin was much more effective in killing cancer cells than continuous flow with a sustained dose (Fig. 5(c) ). It should be noted that the microgel area that was stimulated was several hundred microns away from the cell culture area, thus avoiding any thermal effects on to cells, besides the microgels did not show any degradation that might lead to PPy mediated toxicity. Cisplatin-induced genotoxic stress activates multiple signal transduction pathways, which can contribute to apoptosis or chemoresistance. Several studies have shown that low level or sustained long term exposure make the cancer cells resistant to cisplatin due to defect in apoptotic pathway, whereas medium dose and short treatment period achieved maximal apoptosis in cancer cells. [57] [58] [59] [60] As cisplatin induces apoptosis and increases calcium in different cancer cell lines, 61, 62 we then implemented our flow control scheme to provide pulsed cisplatin treatment and to verify the changes in calcium homeostasis. Our results indicated that the cyclical extracellular cisplatin treatment can cause elevation of intracellular calcium level after [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] 
IV. CONCLUSION
We developed a modular microvalve platform based on photoresponsive hydrogel that can be easily integrated with microfluidic device and controlled by external optical triggers. The microvalve was based on pNIPAM-PPy microgels, which were first characterized for their shrinking/swelling response at different laser irradiation settings. The valving function was achieved through the volumetric change of microgels trapped in microfluidic devices, which typically showed over 80% reduction in volume within 10 s of irradiation. However, a small volume change induced by a much shorter NIR exposure was sufficient to switch the flow status. When implemented within a Y-junction microfluidic device the opening response and fluid discharge could be achieved within as little as 1-2 s, making these the fastest optically controlled microvalves yet reported. Additionally, the closure can be achieved within $6-8 s, also several times faster than any previously reported results. 27, 38 We anticipate that combining such modular photothermal microvalve system with programmable microLEDs can enable scaling up the operation to multiple microvalves simultaneously or sequentially to achieve flow control within lab-on-chip platforms.
Further for a proof-of-concept demonstration, we tested the capability of the assembled microvalve to maintain laminar flow and pulsed liquid stream within microfluidic devices, which was subsequently used to treat cells with a chemotherapeutic drug using different flow patterns. The results show that lung adenocarcinoma cells can achieve apoptosis faster when exposed to cisplatin in a pulsatile manner and at higher dosage. The mortality rate of the treated cells was more than 80% in case of pulsed flow, and such rate was much lower with continuous flow treatment under static condition. Notably, the microgel-based valving element is triggered ON/OFF via remotely coupled NIR irradiation, which not only enables off-chip control but can also pave way for developing complicated microfluidic circuits for practical application in life sciences and portable point-of-care diagnostics.
